Simple, efficient, and safe tagging methods are desired in short-term microbial transport studies such as in the study of filtration systems for water and wastewater treatment. Suitability of selected fluorochromes as bacterial tagging agents in transport studies was evaluated on the basis of stability of stained cells and the effect of staining on bacterial surface characteristics and interaction with granular media. Surface properties were characterized by zeta potential and microbial adhesion to hydrocarbons. The effect of staining on interactions between bacteria and porous media was evaluated in terms of removal of bacteria in batch adsorption tests using sand coated with aluminum hydroxide to enhance adsorption. The DNA-specific fluorochrome 4,6-diamidino-2-phenylindole (DAPI) had generally negligible effects on bacterial surface properties and interaction with sand, as indicated in batch adsorption tests using pure cultures (Escherichia coli or Acinetobacter sp.) and wastewater bacteria. Cells stained with DAPI were stable for 48 h at 4 or 20°C. Other nucleic acid fluorochromes tested had different but significant effects on bacterial cells and produced less stable fluorescence. Since transport through porous media is modulated by surface properties, it may be concluded based on these results that the choice of fluorochromes is critical in microbial transport studies. DAPI appeared to be a promising tagging agent. Time dependence of fluorescence of stained cells may limit the use of fluorochrome-tagged cells in long-term transport studies.
Transport of microorganisms in porous media such as soil, aquifiers, and filtration systems is important in bioremediation of contaminated soils and groundwater, monitoring and containment of pathogens in the subsurface environment, and water and wastewater treatment by granular medium filters (3, 4, 9, 31) . Ideally, the microorganisms of interest should be used in studies of transport characteristics. This requires some means of tagging the test microorganisms so that they can be distinguished from their indigenous counterparts in natural or engineered systems where microbial populations are present.
Potential methods of tagging microorganisms include radioactive labels (19) , molecular or antibiotic markers (21, 25) , and fluorochromes (3, 14) . The former three methods have several disadvantages which limit their applicability in transport studies. Radioactive labeling methods are undesirable due to cost and environmental and safety concerns. Molecular labels such as fluorescent antibodies and PCR markers have limited availability, and their use is technically demanding. Use of unique plasmids or reporter genes is also technically demanding and in addition may require containment. Limitations of antibiotic resistance as a means of tagging bacteria include possible loss or transfer of resistance-encoding genes to indigenous bacteria and the ecological consequences of releasing antibiotic resistance genes to the environment (6, 8) .
Fluorochromes such as acridine orange (AO; 3,6-bis[dimethylamino]acridinium chloride) (20) , 4Ј,6-diamidino-2-phenylindole (DAPI) (32) , ethidium bromide (2,7-diamino-10-ethyl-9-phenyl-phenanthridinium bromide) (36) , Hoechst 33258 (2Ј- [4- hydroxylphenyl]-5-[4-methyl-1-piperazinyl]-2,5Ј-bi-1H-benzimidazole) (29) , and hydroethidine (16) are traditionally used for the enumeration and characterization of microflora in environmental samples. They may also be used as a simple, direct, and safe alternative for bacterial tagging, especially in microbial transport studies of short-term nature, such as in the testing, optimization, and modeling of filtration systems for water and wastewater treatment. For example, DAPI was recently used as a tagging agent in microbial transport studies by Harvey and colleagues (3, 14, 15, 17, 38) . Fluorochromes are attractive not only because they are readily available and simple to use but also because they enable direct visual counting of tagged cells, which can mean shorter time and greater accuracy when used properly.
So far, no attention has been given to the effects of the staining procedure on the transport characteristics of microorganisms. Microbial transport through porous media is modulated by surface-to-surface interactions between microorganisms and solid matrices (5, 10, 33, 37) . Properties such as surface charge and hydrophobicity play a predominant role in determining microbial transport characteristics (43) . Staining may change the surface properties of microorganisms and, possibly, their transport characteristics. Therefore, the accuracy and reliability of bacterial transport data could be seriously compromised if the effect of staining is not characterized and understood. Ideally, stains that do not affect the surface properties or transport of bacteria under consideration should be used. Another important consideration is the stability of fluorescence in stained microbial cells, which can dictate how long stained cells may be stored and transport experiments may last without significant loss of visualization.
This study was carried out to evaluate the effect of selected fluorochromes on bacterial surface characteristics and interaction with granular media. Stability of fluorescence of stained cells was also examined. Surface properties were characterized by zeta potential and microbial adhesion to hydrocarbons (MATH). The effect of staining on interactions between bacteria and porous media was evaluated in terms of removal of bacteria in batch adsorption tests using sand coated with Al(OH) 3 to enhance adsorption. Staining effects on pure cultures and on natural wastewater bacteria were compared in batch adsorption tests. Our results indicate that staining can change the surface properties of bacteria and also affect their removal by surface-modified sand and that the magnitude of these effects is stain specific. The stained bacteria were stable for relatively short periods of time (hours to days); hence, stability considerations may limit the use of stained cells in extended transport experiments.
MATERIALS AND METHODS

Fluorochromes.
Characteristics of the fluorochromes used in this study are given in Table 1 . Stock solutions of the fluorochromes were made in MilliQ water at concentrations given in Table 1 , filter sterilized (0.2-m pore size), and stored according to manufacturers' recommendations.
Bacterial strains and growth conditions. Model bacteria used in this study were Escherichia coli, an indicator of fecal pollution, and a hydrophobic strain of Acinetobacter (ATCC 31012) (34) . Batch cultures of E. coli C3000 and Acinetobacter sp. inoculated from frozen stock were grown overnight to early stationary phase. The 100-ml pure cultures were grown in 250-ml Erlenmeyer flasks with 120 rpm shaking in nutrient broth (Sigma) at a pH of 7.2 and temperatures of 35°C for E. coli and 30°C for Acinetobacter sp. Selected tests were also carried out with a natural mixture of wastewater bacteria that was obtained from a fresh sample of raw wastewater from the influent to the University of Florida Water Reclamation Facility. The wastewater was settled for 1 h in a glass beaker covered with aluminum foil, and then the supernatant was transferred to a sterile plastic container for immediate use.
Preparation of test cells. Pure culture cells were harvested by centrifugation at 3,000 ϫ g for 10 min at 4°C, washed once, and resuspended in filter-sterilized 10 mM phosphate buffer (42) to a concentration of approximately 2.5 ϫ 10 8 cells ml
Ϫ1
. The buffer pH was adjusted to 7.0 unless otherwise indicated. Fresh wastewater supernatant was used directly for staining of wastewater bacteria. Bacterial suspensions were sonicated in a water bath sonicator (model 117W; Branson) for 3 to 5 min at room temperature to break up flocs and then distributed to sterile plastic vials. Aliquots of the fluorochrome stock solutions were added to the vials to give the final concentrations shown in Table 1 . After a 30-min contact time, cells were washed twice in 2ϫ volume of buffer with centrifugation at 7,000 ϫ g for 10 min at 4°C and resuspended in buffer to desired concentrations. The stained cells were stored at 4°C for 24 h before use unless otherwise specified. Nonstained (control) cells were subjected to the same procedure.
Surface modification of sand. The fraction of 20/30 mesh Ottawa sand (Fisher) passing a U.S. standard no. 25 sieve was collected to give sand particles in a size range of approximately 600 to 700 m. The sand was coated with aluminum hydroxide to enhance adsorption of bacteria (24) according to the following procedure. Graded sand was rinsed thoroughly with deionized water, air dried, and then spread out shallowly in a plastic tray. A sufficient volume of 1 molal AlCl 3 ⅐ 6H 2 O (Fisher) solution was added to just cover the sand. After 30 min, excess liquid was drained and the sand was air dried for 24 h. The dry sand was then slowly transferred into a glass beaker containing 2 to 3 volumes of 3.0 N ammonium hydroxide. After 10 min, excess liquid was decanted, and the sand was rinsed with deionized water to remove excess precipitate and then air dried. The dry sand was rinsed again with deionized water until the supernatant was clear, air dried, and then stored at room temperature in sealed plastic bottles.
Batch adsorption tests. The batch adsorption tests were carried out at room temperature in 50-ml plastic centrifuge tubes affixed to a 70-cm-diameter wheel that was rotated vertically at 30 rpm. Initially, 5.0 g of sand, followed by 24 ml of stained or nonstained bacterial suspension (ϳ5 ϫ 10 5 cells ml Ϫ1 ), was added to each tube. A 4.0-ml supernatant sample was withdrawn from each tube, and then the tubes were rotated for 6 h. Two sets of blanks, consisting of (i) tubes with sand and buffer but without bacteria and (ii) tubes with buffer and bacteria but without sand, were run along with the other tubes. After mixing, the suspensions were settled for 10 min at room temperature, and then 4 ml supernatant was collected from each tube. Samples were stored at 4°C for 24 h before counting. All samples and controls were restained with the respective fluorochromes immediately before filtration and counting. Nonstained bacteria and the blanks were restained with DAPI. All treatments were run in triplicate.
Epifluorescence microscopy. Epifluorescence direct counts were determined by standard procedures (2, 40) with a Nikon Optiphot microscope equipped with appropriate filter blocks for desired light excitation and emission (Table 1) . Samples were sonicated for 3 to 5 min at room temperature immediately before filtration. One milliliter of sample was filtered through a sterile 0.20-m-poresize, black, nucleation track polycarbonate filter (Nuclepore; Costar Scientific Corp.), with a 0.45-m-pore-size membrane filter (GN-6; Gelman) placed underneath to evenly distribute the vacuum. Filters were prewetted with filtersterilized MilliQ water, and a vacuum of 600 mm Hg was applied. Three milliliters of buffer (pH 7.0) was added to the filter funnel immediately before application of the vacuum to help disperse bacteria on the filter. Ten microscopic fields were counted per filter, and three filters were counted per sample. Sample concentrations typically gave 25 to 50 cells per microscopic field; hence, the total number of cells counted per sample exceeded the minimum range recommended by Kepner and Pratt (22) .
Measurement of zeta potential. Zeta potential of stained and nonstained bacteria was measured at selected pH values by using a model 501 Laser Zee meter (PEN KEM) according to the manufacturer's recommendations. This instrument derives zeta potential readings from electrophoretic mobilities, which are computed based on particle velocities in an applied electrical field. The particle velocities are detected by using scattering of incident laser light by the particles. Immediately before each measurement, 4.0 ml of cell suspension was added to a plastic vial containing 100 ml of 10 mM phosphate buffer at a given pH of 2.0, 3.0, 4.0, 7.0, or 10.0. The vial was capped and shaken, and then the pH was checked. Final cell concentration was approximately 10 7 cells ml
. Six readings were taken and averaged for each measurement. This procedure was repeated in triplicate for each treatment.
MATH. Kinetic MATH (23) was used to measure bacterial surface hydrophobicity, using a procedure modified from that of van der Mei et al. (42) . Stained and nonstained cells were suspended in aliquots of 10 mM phosphate buffer previously adjusted to a pH value of 2.0, 3. . Aliquots (4 ml) of the suspensions were distributed among sterile 13 by 100-mm glass test tubes, followed by the addition of 140 l of hexadecane (Sigma) per tube to give a final concentration of 35 l of hexadecane ml Ϫ1 . The cell-coated oil droplets created by mixing the two phases float to the top when the two phases are allowed to separate, effecting partition of bacterial cells from the bulk (aqueous) phase to the oil/water interface (upper phase). Bacterial concentration in the aqueous phase was monitored by measuring the A 550 of the aqueous phase in a spectrophotometer (Spectronic 21; Milton Roy). Initial absorbance (A 0 ) was measured before mixing. Subsequently, the aqueous and hydrocarbon phases were mixed by 10 s of vortexing and then allowed to separate for 10 min at room temperature, at which time the absorbance of the aqueous phase (A t ) was measured again. This procedure was repeated until a cumulative vortexing time of at least 60 s was reached. The base-10 logarithm of the quantity (A t /A 0 ϫ 100) was plotted against the cumulative vortexing time. From this plot, the initial removal rate, R 0 , was derived by linear least-squares fitting to the initial, linear portion of the curve. R 0 was used as a measure of hydrophobicity.
RESULTS AND DISCUSSION
Visualization and stability. The four nucleic acid fluorochromes tested (AO, DAPI, ethidium bromide, and Hoechst 33258) gave satisfactory visualization of E. coli in terms of resolution and intensity, whereas the three cytoplasmic fluorochromes tested (FITC, primulin [direct yellow 59], and proflavin [3,6-diamidinoacridine]) gave inferior visualization and were not considered further. Cells stained with DAPI showed an intense, stable, and uniform greenish blue color under epifluorescent illumination. There was little background in DAPI-stained samples, whereas noticeable background was encountered in samples stained with AO. Lack of specificity of AO has been noted by others (12, 32) .
Counts of E. coli cells prestained with DAPI, AO, or Hoechst 33258 remained above 90% of the initial counts after 1 day of storage at 4°C (Fig. 1a) . After 2 days of storage, only cells prestained with DAPI gave counts above 90% of initial counts. Counts of poststained cells (controls), which indicate the total number of cells remaining upon storage, were not significantly different (P Ͻ 0.05, two-tailed t test) from those of the DAPI-stained samples after 2 days. Similarly, Yu et al. (44) reported that prepared slides of DAPI-stained samples could be stored at 4°C for 2 days with only a small sacrifice of the total cell numbers. Counts of all prestained cell samples fell well below 90% of the initial counts after 2 additional days. Counts of the controls fell slightly below 90% of initial counts after 4 days, which is not unexpected since decay can change cell numbers upon storage (44) . Similar trends were found with E. coli cells prestained with AO and DAPI when stored at 20°C (Fig. 1b) . Counts of both AO-and DAPI-stained cells were close to 100% of initial counts after 1 day of storage at 20°C. No significant difference (P Ͻ 0.05, two-tailed t test) was detected among AO-and DAPI-stained samples and control (nonstained cells also stored at 20°C but freshly stained with DAPI for each counting) at this point. After 2 days of storage at 20°C, counts of AO-stained cells (below 85% of initial counts) were significantly lower (P Ͻ 0.05, two-tailed t test) than that of the control (above 95% of initial counts). In contrast, counts of DAPI-stained cells (above 95% of initial counts) were statistically identical to that of the control. Counts of both AO-and DAPI-stained cells fell below that of the control after 4 and 6 days of storage at 20°C, although AO-stained cells suffered a much sharper decrease in numbers. Counts of DAPI-stained cells were higher when stored at 20°C than when stored at 4°C, probably due to different physiological states of test cells used in the two experiments.
Successful use of fluorochrome-based tagging method requires fluorescence stability of prestained cells during the study period, including necessary storage time. Samples prestained with DAPI retained satisfactory fluorescence at 4°C or at 20°C for up to 2 days without appreciable underestimation. Considering that most transport studies are conducted at temperatures around 20°C, DAPI can be used to tag test bacteria, provided that the duration of transport study, including storage time, is no more than 2 days. Usage of samples prestained with any of the other nucleic acid fluorochromes tested should be limited to 1 day.
Removal of bacteria in batch adsorption tests. Preliminary batch adsorption tests with E. coli indicated that a steady state was approached after 2 h of mixing and that adsorption remained essentially unchanged between 2 and 8 h of mixing (data not shown). Accordingly, we used 6 h of mixing in subsequent experiments to ensure that a steady state was reached. Others have reported equilibrium times of 1 to 3 h (28). The sand quantities used in the tests were selected to give removal percentages in the vicinity of 50% when initial bacterial concentrations were on the order of 10 5 cells ml
Ϫ1
. As shown in Fig. 2a , prestaining E. coli cells with DAPI had negligible effect on removal relative to nonstained cells (control). AO and Hoechst 33258 increased removal significantly relative to nonstained cells (P Ͻ 0.05, two-tailed t test). Ethidium bromide decreased removal, although to a statistically insignificant degree. Use of artificial groundwater (26) as the liquid medium gave similar results (data not shown). Prestaining with DAPI also had a negligible effect on removal of Acinetobacter sp. relative to nonstained cells (Fig. 2b) . Prestaining with each of the other fluorochromes significantly increased removal. Similarly, in the case of wastewater bacteria, prestaining with DAPI did not affect removal, while AO had a significant effect (P Ͻ 0.05, two-tailed t test) on removal, relative to nonstained cells (Fig. 2c) . Most of the bacteria in the wastewater sample were coccoid and rod shaped. Only a few filamentous bacteria were found. Batch removal test results were thus consistent for both pure bacterial cultures and wastewater bacteria.
Based on these results, we selected DAPI for further testing with regard to its effect on bacterial surface properties. AO was also tested for comparison because it is widely used in directcounting procedures (22) . Effect of staining on zeta potential. The zeta potential of E. coli and Acinetobacter sp. cells decreased as the pH was varied over the range of 2 to 10, with isoelectric points (IEPs) of pH 3.1 and 3.3, respectively (Fig. 3) . These are within the range of pH values expected for most bacteria (13) . The effect of prestaining on zeta potential over the pH range investigated was evaluated by using paired t tests. AO significantly increased the zeta potential of E. coli cells while significantly decreasing that of Acinetobacter sp. (P Ͻ 0.05). In contrast, DAPI did not significantly affect the zeta potential of either species. Based on the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory (1), the direction of the change in zeta potential caused by AO is not completely consistent with the adsorption test results. AO increased the zeta potential of E. coli and decreased that of Acinetobacter sp. but enhanced removals of both bacterial species. This may indicate that electrostatic interactions are not dominant in this system.
Effect of staining on surface hydrophobicity. The MATH test is based on the partitioning of bacteria between aqueous and hydrocarbon phases (35) . Because of difficulties in obtaining equilibrium, a kinetic approach is considered more quantitative (23) . In the present study, cell surface hydrophobicity was measured in terms of R 0 from the kinetic MATH test (42) . R 0 varied with pH, with the greatest R 0 for E. coli occurring at pH 3.2 ( Fig. 4a ) and the greatest R 0 for Acinetobacter sp. occurring at pH 4.0 (Fig. 4b) . AO noticeably decreased the R 0 values of both E. coli and Acinetobacter sp. throughout the pH range investigated (pH 2 to 10). In contrast, DAPI caused a noticeable decrease only at the pH where maximum R 0 values of the nonstained cells were observed. At these values (pH 3.2 for E. coli and pH 4.0 for Acinetobacter sp.), the effect of staining on R 0 was significant (P Ͻ 0.05, two-tailed t test) with either fluorochrome.
Since bacterial adhesion is primarily influenced by the interplay of electrostatic as well as hydrophobic interactions (43), the most sensitive measurement of bacterial surface hydrophobicity (in terms of R 0 ) should be at a pH where electrostatic interactions are minimized (i.e., either the bacterial cell or the hydrocarbon is uncharged). Hexadecane is negatively charged in aqueous suspensions (including potassium phosphate solutions), and its zeta potential has been shown to be also pH dependent, with an IEP at pH 3.2 (11, 27, 42) . Absence of charge effect would allow hydrophobic interactions to dominate over electrostatic interactions. Observation of the maximum R 0 for E. coli at its measured IEP (pH 3.1) supports this hypothesis. Similar pH dependence of R 0 has been reported for other bacterial strains (42) . Occurrence of the maximum R 0 for Acinetobacter sp. at pH 4.0, rather than at the IEP (pH 3.3) measured in this work, was surprising. This might have resulted from differences in the physiological state of the Acinetobacter sp. cultures used for the two different tests. Both DAPI and AO significantly decreased cell hydrophobicity, although the latter showed the greater effect. Decrease in hydrophobicity of bacterial cells could lead to stronger interaction with the hydrophilic, charged surface of the Al(OH) 3 -coated sand and therefore at least partially account for increased adsorption.
This study has shown that nucleic acid fluorochromes can affect the surface properties of stained bacterial cells and alter interaction of the cells with surfaces. This finding is of importance in microbial transport studies using fluorescence-tagged bacteria, since transport through porous media is modulated by surface properties of the microorganisms as well as the solid matrices (10, 39) . Another relevant finding is the time dependence of fluorescence of stained cells that limits the use of tagged cells in long-term transport studies. Of the four nucleic acid fluorochromes tested, DAPI had minimal effect on surface properties and no significant impact on adsorption of bacteria to aluminum hydroxide-coated sand. The minimal effect of DAPI is expected given its DNA specificity (7, 32) . In contrast, AO, which is considered to be a nonspecific fluorochrome capable of binding to cell wall components (cytoplasm and flagella) as well as DNA and RNA (12, 30, 41) , strongly affected bacterial surface properties and adsorption. These trends were revealed by batch adsorption tests using either pure cultures (E. coli and Acinetobacter sp.) or wastewater bacteria.
